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ABSTRACT 
Mitrovica, northern Kosovo, is the site of some of the highest Pb concentrations reported in human 
populations; exemplified by Pb concentrations in scalp hair of up to 130 µg g-1 and widely-publicized of Pb-
related ill-health and mortality amongst internally displaced populations. High human Pb burdens are 
accompanied by elevated concentrations of potentially harmful elements (PHEs) in soils and house dust 
within the city, which has a long history of mining and metallurgy.  In this study enrichment-levels for PHEs 
in soils are quantified and compared to environmental quality guidelines and a statistically-derived 
estimation of background concentration. In addition, Pb isotopes (207Pb/206Pb, 208Pb/206Pb) are used to 
characterise the isotopic signatures of potential point sources of Pb and a mixing model employed to 
quantify the contribution of sources to Pb present in soils, house dust, and the scalp hair of children and 
young people.  Pb isotopic evidence suggests that Pb in surface soils and house-dust is predominantly 
sourced from historical deposition of Pb-containing aerosols from metal smelting, with lower contributions 
from wind-blown dispersal of metalliferous waste.  Pb present in scalp hair is interpreted as the result of 
non-occupational exposure and the ingestion and/or inhalation of Pb-enriched surface soil and house dust. 
This study represents one of the very few instances where this type of geochemical tracing technique has 
been successfully applied to definitively identify the source of Pb present within biological samples.  The 
results of this study are of particular relevance to environmental management and highlight the human 
health risk posed by the legacy of now inactive mining and metallurgy in addition to the challenge posed in 
mitigating the risk posed by diffuse soil pollution.  
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HIGHLIGHTS: 
• Enrichment of soils, house dust and scalp hair with potentially harmful elements 
• Lead isotopes used as geochemical fingerprints to characterize PHE sources 
• Mixing model quantifies the Pb inputs from anthropogenic and geogenic sources 
• Legacy of smelting activity in environmental pollution 
• Role of soils and house dust as a Pb source of Pb to humans 
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1. INTRODUCTION 
 
The mining, smelting and processing of metal ores are widely recognised as major sources of potential 
harmful elements (PHEs) within the environment (Allan, 1997; Bacon and Dinev, 2005).  The consequent 
dispersal of these PHEs through fluvial (Bird et al., 2008; Turner et al., 2008) and atmospheric (Sonke et al., 
2008) processes often results in widespread enrichment of soils (Dennis et al., 2009; Jung and Thornton, 
1996), river water and river channel sediment (Bird et al., 2010a; El Khalil et al., 2008; Hutchinson and 
Rothwell, 2008), floodplain sediments (Hurkamp et al., 2009; Lewin and Macklin, 1987), vegetation 
(Barman et al., 1999; Fytianos et al., 2001; Zaman and Zereen, 1998) and fauna (Nannoni et al., 2011).  The 
impact of anthropogenic activity on modern-day PHE accumulation in the environment is significant, with 
an estimated 95% of total Pb deposition (Alfonso et al., 2001; Geraldes et al., 2006), and an estimated 96-
99% of atmospheric Pb fallout (Erel et al., 1997) derived from anthropogenic sources.  
 
The deleterious effects of PHEs, especially Pb, on human health are widely recognised and have been 
related to exposure from drinking water (Bird et al., 2009), edible vegetation (Komárek et al., 2007), house 
dust (Bosso and Enzweiler, 2008; Spalinger et al., 2007) and atmospheric particulates (Okorie et al., 2012).  
Children have been identified as being particularly susceptible to PHE uptake through behavioural 
characteristics such as hand-to-mouth action (Hwang et al., 1997; Loiacono et al., 1992).  This uptake route 
is particularly significant in areas where families either live on, or adjacent to, land contaminated with 
PHEs, or where metal smelting and reprocessing activities take place in close proximity to housing (Boisa et 
al., 2013; Pelfrene et al., 2012).   
 
In the last decade lead isotopes have been increasingly used as geochemical tracers in environmental 
studies (Bird, 2011; Komárek et al., 2008), and they have been shown to be a very powerful tool for 
discriminating between multiple contaminant sources (e.g. Baron et al., 2009; Bird et al., 2010b; Ettler et 
al., 2006; Ip et al., 2007).  Lead within the environment is present as four main isotopes: 204Pb, which is a 
stable, and the long-lived radiogenic isotopes 206Pb, 207Pb and 208Pb, that are the daughter products of the 
decay of 238U, 235U and 232Th, respectively (Houtermann, 1946).  The relative abundance of each of the four 
Pb isotopes within bedrock and Pb ores will vary according to the primordial concentrations of 238U, 235U 
and 232Th, and the length of the decay processes (Doe, 1970).  Of particular relevance to tracing metal 
dispersal pathways and fingerprinting contaminant sources, is the fact that naturally- and 
anthropogenically-sourced Pb often have different and distinguishable isotopic compositions (Bacon, 
2002).   
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In Mitrovica, northern Kosovo, the release of PHEs from poorly-regulated mining and smelting industries 
has resulted in the severe enrichment of Pb and other PHEs within surface soils and river water (Behrami 
et al., 2008; Borgna et al., 2009; Stafilov et al., 2010).  Furthermore, Pb mining and metallurgy in the 
Mitrovica region, as well as poorly managed storage of mine, smelter and industrial waste (Peck, 2004), is 
believed to have resulted in the most significant modern case of human Pb poisoning in Europe.  High Pb 
levels in blood (Wasserman et al., 2000; Wasserman et al., 1997) and hair (Runow, 2005b) have been 
linked to instances of Pb-related intellectual impairment and mortality in displaced refugee populations 
(Factor-Litvak et al., 1999; Lamb et al., 2008).  Whilst soils in the Mitrovica urban area have been 
investigated for their PHE content (Borgna et al., 2009) and the bioaccessibility of PHEs (Boisa et al., 2013), 
there has been no attempt to date to definitively identify the source of Pb present in environmental and 
biological media and to assess how Pb source relates to possible human exposure routes.  
 
In the light of this critical data gap, the aims of this study are twofold: first, to quantify PHE levels 
(principally Pb) in Mitrovica from samples of (i) mine and metallurgical waste, (ii) soils and (iii) house dust.  
Second, to provenance the source of Pb within environmental and biological (scalp hair) samples using Pb 
isotope signatures as a geochemical tracer.  Whilst Pb isotopes have been utilized to trace Pb dispersal in 
riverine sediments (Ettler et al., 2006; Miller et al., 2002) and soil (e.g. Mihaljevič et al., 2006), few 
attempts have been made to provenance Pb in samples of human hair (e.g. Gulson, 2008). 
 
2. STUDY AREA 
 
Mitrovica is located on the confluence of the Rivers Ibar and Sitnica in northern Kosovo.  There has been 
metal mining and smelting within the region for over 2000 years, however, in 1926 the Trepča mining 
enterprise was founded to exploit the exclusive rights to mineral exploration at Stan Tërg to the northeast 
of Mitrovica (Palairet, 2003) (Figure 1).  Stan Tërg comprises a Miocene-age Pb-Zn-Ag skarn deposit in the 
form of a massive to submassive lens, with occasional sulphide veins, hosted within a Palaeozoic-age host 
geology (MonTec, 2007).  Lead and Zn production peaked in the 1930s (62,784 t and 53,191 t, respectively) 
with ore grade quality ranging between 6% (Zn) and 8% (Pb) (Sostaric et al., 2011).  Ore production fell 
sharply during the Second World War but then quickly recovered by the early 1950s.  In the latter half of the 
twentieth century combined Pb and Zn ore production steadily declined and had fallen to 10,295 t by the 
start of the 1998 war in Kosovo.  
 
Metal ores were processed (via floatation) at Tuneli Pare and smelted at Zvečan (Figure 1) along with ores 
from elsewhere within the region.  Tailings produced from ore flotation were stored in the Zharkov Potok 
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tailings pond, whilst waste from the Zvečan smelter was stored in the Gornje Polje slag heap located adjacent 
to the River Ibar (Figure 1).  In 1987 a new Zn electrolysis plant opened in the Trepča Industrial Complex in 
the southeast quarter of the city (Figure 1).  Uncovered industrial waste generated from this now disused 
plant, and from an adjacent chemical/battery factory, covers an area of approximately 30 ha on the banks 
of the Sitnica River (Figure 1).  In total, c. 30 M tonnes of waste from metallurgical industries is stored in and 
around the Mitrovica urban area. 
 
During the 1999 conflict in the former Yugoslavia, an 8,000 strong Roma, Ashkali and Egyptian (RAE) 
community was displaced from the Roma Mahalla suburb of Mitrovica, northern Kosovo (Figure 1).  A 
proportion of this internally displaced population (IDP) was housed in camps at Cesmin Lug, Kablare and 
Osterode in Mitrovica (Figure 1).  These camps are situated between 2 km and 0.8 km downwind of the 
Zveçan lead smelting complex and the Gornje Polje waste dumps.  Following concerns over impacts to 
human health posed by PHE levels, numerous health surveys have been conducted involving the analysis of 
blood (WHO, 2004), hair (Runow, 2005), plants (Riccobono et al., 2004; Borgna et al., 2009), water 
(Behrami et al., 2008) and sediment (Riccobono et al., 2004).  Since 2012 the remaining RAE population has 
been rehoused to redevelopments in Roma Mahalla and Bosniak Mahalla (Figure 1). 
 
3. METHODS 
 
3.1. Sampling and analysis of samples 
Soil, mining/industrial waste, house dust and human scalp hair samples were collected in December 2009 
and 2011 from a variety of sites in Mitrovica (Figure 1).  To characterize the geochemical signatures of 
potential contaminant sources, samples of mine tailings, smelter waste and industrial waste (n = 12) were 
collected from the Zharkov Potok, Gorne Polje and Trepča Industrial Complex waste dumps.  To establish the 
magnitude and extent of contaminant dispersal from these sources, a total of 182 soil samples were 
collected Roma Mahalla, Bosniak Mahalla, the Cesmin Lug and Osterode IDP camps and from sites across 
the Mitrovica urban area.  At each site up to three samples were collected with a stainless steel trowel and 
Edelman soil auger from 0-10 cm (surface soil), 10-30 cm (shallow sub-surface soil) and 30-50 cm (deep sub-
surface soil).  In addition, samples of house dust (n = 7) were collected using a nylon brush from occupied 
dwellings in the Cesmin Lug and Osterode camps and from unoccupied houses in Roma Mahalla.  Finally, to 
assess the uptake of metals (principally Pb) by the RAE communities, 10 samples of scalp hair were sampled 
using stainless steel scissors from children and young people (aged 1-21 years) living in the Cesmin Lug and 
Osterode camps.  
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In the laboratory, soil and mining/industrial waste samples were air dried at room temperature, 
disaggregated using a pestle and mortar and sieved through a 2 mm nylon mesh.  Sub samples of the 
disaggregated < 2 mm fraction were digested for 1 hour in concentrated HNO3 at 100°C.  Lead and Zn 
concentrations were determined using a Perkin Elmer Atomic Absorption Spectrophotometer (AAS) and Cd 
and Cu by a Thermo-Finnegan Element2 Magnetic Sector-ICP-MS (MS-ICP-MS).  Samples of house dust were 
digested and analysed as above after being sieved to isolate the <63 μm fraction.  Analytical precision of PHE 
analyses ranged from 1 to 7%, with analytical accuracy versus two reference materials (ABS1 [a mid-Wales 
soil]) and CANMET2 [a Canadian soil]) ranging from 3 to 10 % and 2.5 to 13 %, respectively.   
 
Methods for the preparation and analysis of scalp hair samples have been reported elsewhere (Boisa et al., 
2013).  In short, washed hair samples were digested in 50% HNO3 under reflux and Pb concentrations 
determined by Thermo-Finnegan Element2 MS-ICP-MS.  Analytical precision of Pb determinations was 5.4%, 
whilst analytical accuracy, assessed against the NCSDC73347 reference material (Chinese human hair), was 
12%; this relatively low analytical accuracy was due to low Pb concentrations (8.8 ±1.1 μg g-1). 
 
Lead isotopes (204Pb, 206Pb, 207Pb and 208Pb) were determined in a selection of soil, house-dust, 
mining/industrial waste and hair samples using a Thermo-Finnigan Element2 MS-ICP-MS.  Samples were 
analysed in triplicate in batches of 5 along with blank samples and the NIST981 reference material.  Analytical 
precision was found to be 0.13 % for both 206/207Pb and 208/206Pb.  Analytical accuracy versus the NIST981 
standard was 0.30 % (206/207Pb) and 0.24 % (208/206Pb).  Values for 204Pb were corrected for the interference 
of 201 Hg, and isotopic ratios adjusted against the NIST981 data. 
 
Statistical determination of background Pb concentration in soils 
Background concentration in soils was estimated using regression analysis of % cumulative frequency 
curves of log10 metal concentrations from a sample population (Davies, 1983). The lower, linear portion of 
the curve (Figure 2) is seen as representing a lognormal population derived from uncontaminated samples, 
and a regression equation can be derived in order to estimate background concentration based on a 
number of percentile values (16th, 50th, 84th). 
 
Lead concentration data from all samples collected by this study, in addition to those presented by Borgna 
et al. (2009) and Riccobono et al. (2004) (n=819), were converted to their log10 equivalents and the 
frequency distribution established for 50 class intervals where optimum class width (log int.) is given by: 
 Log int. =  log�maximum concentrationminimumconcentration �
Number of class intervals      Equation 1 
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The percentage cumulative frequency distribution (F) was calculated  and  Sinclair’s (1974) method was 
used to resolve the complex curve into its constituent populations.  The resulting curves comprise a linear 
lower portion, representing the ‘background’ population (B), and a complex curve, derived from samples 
with above ‘background’ Pb and Zn content (A).  For each point along the linear relationship (B) F was 
recalculated as F’, where: F′ =  (100 − F) × �100
B
�  Equation 2 
 
Where F is the % cumulative frequency distribution and B is the percentage of the total sample number 
derived containing ‘background’ concentrations.  The mean and standard deviation of F’ are readily 
derived, with the mean log10 concentration corresponding to 50% cumulative frequency and the anti-log is 
the geometric mean (XM) of the arithmetic data.  For a normally distributed population, 68% lies within ±1 
standard deviation so that the standard deviation derived from: 
 0.5 × (16th percentile − 84th percentile)     Equation 3 
 
The antilog is the geometric deviation (SM) of the arithmetic data.  The highest probable Pb concentration 
for an unenriched soil is derived from the statistical inference that only 0.14% of the population is likely to 
lie beyond the range given by XM multiplied by SM3. 
 
Additional statistical analyses in this study were performed using IBM SPSS Statistics Version 20 and the 
Solver Function in Microsoft Excel.  
 
4. RESULTS AND DISCUSSION 
4.1. Metal concentrations in mine, smelter and industrial waste 
Table 1 presents data on metal concentrations in samples taken from unconsolidated mine tailings, smelter 
slag and industrial waste stored at three locations to the north and east of Mitrovica (Figure 1).  In terms of 
contaminant metal storage, it is estimated that the Zharkov Potok tailings pond holds approximately 9 M 
tonnes of waste material with Pb and Zn concentrations up to 1500 mg kg-1 and 1400 mg kg-1, respectively.  
The Gorne Polje dumps contain approximately 12 M tonnes of Pb and Zn-rich material covering 50 ha 
(Frese et al., 2004) and is made up of two sedimentologically distinct waste types.  Firstly a pale red, fine 
sand-size material that comprises the majority of the waste material, and second, a black coarse-sand sized 
partially-vitreous material.  The former is believed to be flotation waste, whilst the latter is believed to be 
smelter slag. Metal concentrations in the Gornje Polje waste dumps contain between 1700 – 82,000 mg kg-
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1 Pb and 3000 – 49,700 mg kg-1 Zn.  Based upon average metal concentrations and reported waste 
tonnages, in the Zarkov Potok tailings pond there are ~12,800 tonnes and ~5,700 tonnes of unrecovered Pb 
and Zn, respectively, and in the Gorne Polje waste dump ~280,000 tonnes and ~42,500 tonnes of 
unrecovered Pb and Zn, respectively.  At the Trepča Industrial Complex, unconsolidated particulate waste 
from the Zn electrolysis and battery reprocessing plants contains 60-1100 mg kg-1 Cd, 11,500-88,000 mg kg-
1 Zn and 7700-13,600 mg kg-1 Pb.  A particular issue of concern at both the Gornje Polje and Trepča 
Industrial Complex waste dumps is the fact that highly metal-contaminated material is being actively 
delivered into the Sitnica River by sheet wash, gullying and bank erosion processes. In addition this 
unconsolidated material is subject to wind-blown dispersal of the finer sediment fractions.  The 
significance of this uncontrolled contaminant dispersal is discussed in more detail below. 
 
4.2. PHE concentrations in soils 
Minimum, mean and maximum PHE concentrations in the study area are shown in Figure 3.  With respect 
to the entire dataset, maximum and mean concentrations are in the order of Pb>Zn>Cu>Cd.  Highest mean 
and maximum concentrations are generally found in surface soils (0-10 cm) with concentrations reducing 
with depth.  Non-parametric significant difference analysis (Mann Whitney U Test) (Table 2) indicates that 
a statistically significant difference exists between all PHE levels at 0-10 cm and those at 30-50 cm, 
predominantly at α = 0.01, and between 10-30 cm and 30-50 cm (at α = 0.01).  There is, however, no 
significant difference between Pb (p= 0.4400) and Cd (p=0.0980) levels between 0-10 cm and between 10-
30 cm.  These data generally indicate that greatest PHE enrichment is present within upper soil profile, 
importantly, the environment with which human interaction with soils will be greatest (Abrahams, 2002). 
 
To quantify the magnitude of enrichment, PHE concentrations in soils were evaluated using a twofold 
approach.  First, metal concentrations were compared with the latest guideline values developed by the 
Dutch Ministry for Housing and Spatial Planning (VROM, 2000), which represent a long-established (first 
used in 1962) and stringent set of quality criteria that are based upon extensive studies of both human and 
eco-toxicological effects of contaminants (Table 3).  Second, given that Pb is the principal contaminant of 
concern in this study, a statistical approach based on that of Davies (1983) was used to quantify the 
‘background’ Pb concentration in soils collected in the Mitrovica region.  Previous studies of metal 
enrichment in environmental media have highlighted the value and relevance of quantifying 
concentrations relative to naturally-occurring ‘background’ concentrations (Hudson-Edwards et al., 1999; 
Martin, 2004).  Using the Davies approach, the threshold Pb concentration for uncontaminated soil (i.e. 
background) was calculated to be 80 mg kg-1 in the Mitrovica region.  This value is very close to the Dutch 
target value (85 mg kg-1, Table 3) and is also in good agreement with Pb concentrations measured at depth 
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in a 1 m soil profiles at Roma Mahalla (Figure 4), where concentrations of Pb at 50-100 cm depth range 
from 38-71 mg kg-1.  The calculated background value also agrees well with metal concentrations 
measured in two c. 1.5 m soil profiles to the SW of Mitrovica by Riccobono et al. (2004), with Pb 
concentrations below 50 cm depth in the two profiles averaging 67 mg kg-1 and 134 mg kg-1 (Figure 4). 
Taken together, these data suggest that the calculated threshold of 80 mg kg-1 is indicative of 
uncontaminated soils in the Pb-mineralized region of Mitrovica.  Given that mean PHE concentrations at 0-
10 cm depth were between 1.5-2.1 and 2.8-4.9 times greater than those at 10-30 cm and 30-50 cm depth, 
respectively, subsequent analysis of enrichment above threshold values has focused upon data for the 
upper soil layer (0-10 cm). 
 
There is clear evidence of elevated PHE concentrations within surface soils in the IDP camps (Figure 3).  
First, maximum Cd, Cu, Pb and Zn concentrations are enriched above Dutch Intervention values by 
between 1.1 and 10 times.  Second, at Osterode and Cesmin Lug mean Cd (4 and 3 mg kg-1, respectively) 
and Cu (71 and 129 mg kg-1, respectively) concentrations exceed the Dutch target values and mean Pb 
(1784 and 1230 mg kg-1, respectively) and Zn (1490 and 2100 mg kg-1, respectively) concentrations exceed 
the higher Dutch intervention values.  Third, Pb concentrations in the two camps exceed the 80 mg kg-1 
‘background’ concentration in all samples by between 7 and 64 times.  At Bosniak Mahalla (n=20), 100% of 
samples contained Pb (2450-11000 mg kg-1) and Zn (840-3780 mg kg-1) at concentrations in excess of the 
Dutch intervention values. Cadmium (0.1-10 mg kg-1) and Cu (20-110 mg kg-1) at Bosniak Mahalla were 
lower and exceeded Dutch intervention in 40% and 15% of samples, respectively.   At Roma Mahalla, PHE 
concentrations were generally lower than at Bosniak Mahalla and the IDP camps, however, Pb levels in 
surface soils (26-1000 mg kg-1) were enriched above Dutch target values in 49 % of samples (n=62), with 
98% of samples exceeding the less stringent Pb Target value (85 mg kg-1).  Furthermore, 98% of samples at 
Roma Mahalla contained Pb in excess of the calculated background concentration. 
 
Although PHE concentrations at Roma Mahalla, Bosniak Mahalla and the IDP camps are elevated above 
Dutch environmental guideline values, the enrichment of soils especially by Pb, is widespread across the 
Mitrovica municipality (Figure 3).  This is supported by results from an extensive soil survey (>800 samples) 
reported by Riccobono et al. (2004) and Borgna et al. (2009), which showed that the mean Pb 
concentration (973 mg kg-1) exceeded the Dutch Intervention value, and mean Cd (7 mg kg-1), Cu (56 mg kg-
1) and Zn (560 mg kg-1) concentrations exceeded Dutch Target values across a 350 km2 area in northern 
Kosovo that included Mitrovica.   
 
4.3. PHE concentrations in house dust 
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Maximum PHE concentrations were found in samples collected from the IDP camps (Table 4), with 
maximum PHE concentrations in the order of Pb>Zn>Cu>Cd. Mining and smelting activity have often been 
identified as key industrial sources of contaminated house dust (Hwang et al., 1997; Bosso and Enzweiler, 
2008), but wind-blown transfer of metals from contaminated soils may also act as a significant source 
(Layton and Beamer, 2009). At the IDP camps, Pb concentrations in house dust (mean = 4537 mg kg-1), are 
an order of magnitude higher than at Roma Mahalla and are higher even than the maximum surface soil Pb 
concentration found in these sites (3600 mg kg-1).  To achieve Pb levels in household dust between 5500 
and 5900 mg kg-1, the source material supplying the dust is most likely to have equivalent or higher 
concentrations.   
 
4.4. Lead concentrations in scalp hair 
Human exposure to metals can be measured in different tissues and biological fluids (Gulson, 2008), 
however, hair and blood have been the most widely used biological monitors (Torrente et al., 2005). Whilst 
blood tends to reflect recent exposure to metals, hair provides a record of longer-term exposure (Bencko, 
1995).  Lead levels measured in scalp hair samples collected from occupants of the Osterode and Cesmin 
Lug IDP camps ranged between 25 and 130 mg kg-1 (Figure 5).  The highest scalp hair Pb concentrations 
(120 and 130 mg kg-1) were found in residents of the Cesmin Lug camp; this camp also had a higher mean 
Pb concentration (90 mg kg-1) than the Osterode camp (46 mg kg-1).  These concentrations are at the lower 
end of the range measured previously by Runow (2005b) but are generally higher than Pb levels reported 
by a number of previous studies around the world (Figure 5).  Of particular significance is the fact that scalp 
hair Pb levels in the children and young people living in the Osterode and Cesmin Lug camps are often 
higher than published levels for adults who have been exposed to Pb via their occupational activities 
(Wang et al., 2009).  Given that metal levels in scalp hair are indicative of long-term exposure (Bencko, 
1995), the data suggest that residents of both camps have been subject to sustained Pb exposure for a 
prolonged period of time.   
 
4.5. Isotopic fingerprinting of Pb 
Potential anthropogenic sources of Pb relate primarily to metallurgical industries within the Mitrovica region, 
namely; historical release of Pb-rich aerosols from the operation of the Zveçan Pb/Zn smelter, wind-blown 
dispersal of Pb-rich waste from the Gornje Polje tailings dump and the dispersal of wind-blown material from 
the Zarkov Potok and Zn electrolysis plant and Battery Factory waste dumps.  Finally, the influence of Pb 
released from the combustion of leaded petrol represents an additional, and potentially longer-lasting, 
source of Pb. Despite being phased out from the 1990s, the continued presence in the environment of Pb 
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from leaded petrol combustion has been noted by a number of previous studies (Flegal et al., 2010; Soto-
Jimenez et al., 2008). 
 
Lead isotopic signatures (206Pb/207Pb and 208Pb/206Pb ratios) for these sources (Figure 6) indicate that these 
form a linear trend with the signatures for leaded petrol and bedrock (indicative of geogenic Pb isotope 
signatures) forming the end members. Of the sources of metallurgical waste identified in Mitrovica, the 
Gornje Polje smelter slag has the lowest 206Pb/207Pb and highest 208Pb/206Pb ratios, with the remaining 
potential sources falling between these and bedrock (Figure 6 inset). Hierarchical cluster analysis was used 
to identify which potential sources (n=7) could be differentiated from each other based upon their 
206Pb/207Pb and 208Pb/206Pb ratios with cluster membership determined for two to six clusters inclusive (Table 
5). Results indicate that as the number of clusters is reduced, the sources that continue to demonstrate 
significantly different Pb isotope signatures are Gornje Polje smelter slag and petrol combustion. This 
indicates that the vitrified material present on the Gornje Polje dump, identified as smelter slag, has a 
statistically different Pb isotopic signature than other potential sources associated with large-scale 
metallurgical industry in Mitrovica. The smelter slag has a density of c. 3027 kg m3, which is higher than the 
normal range for, for example, soils (1000-2000 kg m3) identified by Donahue and Miller (1990), and would 
at least inhibit the dispersal of this material by wind from the Gornje Polje dump. This suggests that the 
presence of smelter slag isotopic ratios across the city of Mitrovica is the result of Pb-bearing aerosol 
dispersal originating from the Zveçan smelter during its time of operation, rather than dispersal of stored 
smelter slag. What cannot be ruled out, however, is the subsequent remobilization of Pb with this isotopic 
signature from soils and the redistribution and deposition of this material (Laidlaw and Filippelli, 2008). 
 
For IDP surface soils, house dust and scalp hair, ratios of 206Pb/207Pb (1.186-1.191) are generally lower and 
208Pb/206Pb ratios (2.074-2.085) generally higher than those found in flotation waste, Zarkov Potok mine 
tailings, Zn electrolysis waste and bedrock (Figure 7). The 206Pb/207Pb and 208Pb/206Pb ratios for IDP surface 
soils, house dust and scalp hair plot in closer proximity to the Gornje Polje smelter slag (206Pb/207Pb = 1.187-
1.188 and 208Pb/206Pb = 2.076-2.079). The greatest range in 206Pb/207Pb (1.188-1.195) and 208Pb/206Pb ratios 
(2.064-2.087) is present in surface soils from Bosniak Mahalla, which includes the highest and lowest values 
for 206Pb/207Pb and 208Pb/206Pb, respectively.  
 
A mixing model (c.f. Miller et al., 2007) was used to quantify the contributions of potential anthropogenic 
and geogenic sources to the Pb load found within soils (0-10 cm and 30-50 cm depth) and dust from 
Mitrovica. Sources were defined as: Gornje Polje (both smelter slag and flotation waste), leaded petrol, the 
Zarkov Potok tailings pond, Zn electrolysis waste, Battery Factory waste and bedrock. Leaded petrol 
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combustion is defined as a potential source given the acknowledged continued presence of Pb in the 
environment post phasing out of tetra-ethyl Pb additives (Dunlap et al., 2008). Bedrock is included to identify 
potential geogenic inputs from the weathering of bedrock (Erel et al., 1997). 
 
The principles of the mixing model approach have been described by Yu and Oldfield (1989) and Collins et 
al. (1997), however in short the approach utilises the following equation: 
𝑏𝑏𝑏𝑏 =  ∑𝑚𝑚
𝑖𝑖
= 1𝑋𝑋𝑖𝑖 𝑎𝑎𝑖𝑖𝑖𝑖   (Equation 4) 
 
where bj (j=1,2,3…, n) are n independent Pb isotope ratios (206Pb/207Pb and 208Pb/206Pb ratios) of a soil or 
dust sample composed of m distinct source materials, aij (i=1,2,3…,m) are the corresponding Pb isotope 
ratios of the ith source materials and xi being the proportion if the ith source in the sediment. Given values 
of bj and aij, a series of n linear equations were optimized using the Solver function in Microsoft Excel to 
quantify the contributions of the five sources identified. Two important constraints are that all source 
proportions must be non-negative (Equation 5) and source proportions must sum to unity (Equation 6). 
 
   𝑋𝑋𝑖𝑖  = ≥  0  (Equation 5) 
 
∑ =  1𝑋𝑋𝑖𝑖𝑚𝑚𝑖𝑖 = 1 (Equation 6)  
 
The validity of the mixing model results was assessed by comparing the measured parameter values in the 
soil mixture with the values predicted in the optimization of the linear equations (Equation 7). This 
assessment (c.f. Miller et al., 2007) quantifies relative errors and indicates whether the mixing model 
generates an acceptable prediction of the fingerprinting properties. Errors for five iterations of the mixing 
model (one per sample group) ranged from 0.01-0.07%. 
 
% 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =  �(∑ �𝑏𝑏𝑖𝑖−∑ 𝑎𝑎𝑖𝑖𝑖𝑖𝑥𝑥𝑖𝑖𝑛𝑛𝑖𝑖=1 )�2𝑚𝑚𝑖𝑖=1
∑ (𝑏𝑏𝑖𝑖)𝑚𝑚𝑖𝑖=1 2 × 100  (Equation 7) 
 
 
4.6. Pb contribution to soil and house dust 
Mixing model results (Table 6) indicate that the dominant source of Pb in surface soils (0-10 cm depth) and 
house dust from across Mitrovica is smelter slag from the Gornje Polje dump. The mean contribution is 
highest for surface soils in the IDP camps (92%), however samples collected over a wider spatial area in 
Mitrovica are still predicted to contain 67-91% Pb from the smelter slag. The importance of this material as 
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a source over a large spatial area further indicates that this material should be viewed as an analogue for 
historical atmospheric emissions of Pb from the Zveçan  smelter and its subsequent deposition across 
Mitrovica. The mixing model indicates that up to 29% (in the case of surface soil samples collected at Bosniak 
Mahalla) of Pb originates from the flotation waste stored at Gornje Polje. Given the unconsolidated nature 
of this material, it is believed that the presence of Pb sourced from Gornje Polje reflects the effects of wind-
blown dispersal and deposition (Csavina et al., 2011). Across all surface soil samples for which the mixing 
model was run, Gornje Polje smelter slag and flotation waste in combination account for up to 52-99% of Pb 
(mean of 82%); in IDP camp surface soils these two sources together account for an average of 93% of Pb. 
Geogenic inputs to surface soils (Table 6) are highest in Bosniak Mahalla (<1-29%) and Roma Mahalla (<1-
14%) but are predicted to contribute less Pb in the IDP camp surface soils or those in wider Mitrovica. Inputs 
of Pb from petrol combustion are generally low across all surface soil samples (<1-10%), as are those from 
the Zarkov Potok tailings pond (<1-11%), Zn electrolysis waste (<1-22%) and Battery Factory waste (<1-23%) 
to the east of Mitrovica.  
 
As noted earlier, the Gornje Polje smelter slag is interpreted as representative of the Pb isotopic signature 
of emissions from the Zveçan smelter during it period of operation. Given that (i) soils in Mitrovica have a 
very similar isotopic signature to the Gornje Polje smelter waste, (ii) the coarse mean grain size of the waste 
(500-2000 µm) effectively prevents deflation and dispersal of this material by wind, and (iii) the Zveçan 
smelter closed in 2000, it is probable that the elevated Pb concentrations seen in surface soils across 
Mitrovica are the result of aerosol contamination dispersed prior to 2000 when the Zveçan smelter was 
operational. Whilst continued inputs from other sources, such as flotation and Zn electrolysis waste cannot 
be discounted (Table 6), Pb isotopic evidence suggests that, at the larger spatial scale, presently active 
sources are supplying relatively small amount of Pb to surface soils in comparison to historical emissions. 
 
Interestingly, mixing model results for deeper soils (30-50 cm) indicate that less Pb is associated with the 
Gornje Polje smelter slag (<1-74 %) than for surface soils (Table 6). In addition, whilst there are modelled 
contributions from other anthropogenic sources, there is a generally greater proportion of Pb in deeper soils 
associated with bedrock (4-99 %) than for surface soils. Across the whole sample set, these deeper soils have 
been shown to contain lower amounts of Pb (mean of 767 mg kg-1) compared to soils from 0-10 cm depth 
(mean of 2940 mg kg-1). Together, the lower contributions from the dominant Pb source identified in 
Mitrovica, and lower Pb concentrations, suggest that soils at 30-50 cm depth have been relatively isolated 
from contamination caused notably through the airborne deposition of Pb as seen particularly in surface 
soils. However, these deeper soils still contain Pb concentrations up to 55 times above calculated background 
concentrations and modelled to contain 1-96 % of Pb from anthropogenic sources. In combination, this 
 14 
suggests that there has either been a down profile movement of Pb associated with pedogenic processes, 
and/or these soils were once exposed at the surface and have since been buried. 
  
Much like surface soils, the mixing model suggests the dominant source of Pb in house dust is the Gornje 
Polje smelter slag (78-99 %), interpreted here as reflecting smelter emissions. However, in the case of house 
dust it is important to note that Pb in this material may well not reflect the primary product of smelter 
emissions but may well be Pb originally deposited onto soils and then resuspended through the formation 
of dust from these soils and deposited into the sampled houses (Laidlaw et al., 2014). 
 
The mixing model results have highlighted the importance of anthropogenic sources in the provenance of 
Pb in soils and house dust. However, it must be noted that additional, unidentified sources may have 
contributed, or continue to contribute, to the Pb present in samples collected from Mitrovica. Whilst it is 
unlikely that additional sources would be of greater importance than emissions from the Zveçan smelter at 
the larger spatial scale, it is possible that unidentified sources may contribute smaller amounts of Pb. At the 
larger spatial scale, Pb may be sourced from coal combustion (Walraven et al., 2013); however Pb content 
in European lignite coals, the dominant coal type in Kosovo, are <14 mg kg-1 (Kortenski and Sotirov, 2002), 
suggesting that this would be a very minor input, certainly compared to smelter waste. Other potential 
sources of Pb, which may be relevant on a site-specific basis, have been identified by previous studies as 
leaded paint (e.g. Brokbartold et al., 2013; Clark and Knudsen, 2013), plumbing and pipework (e.g. Gidlow, 
2004) and emissions from various metallurgical other industries (e.g. Zhang et al., 2009). Finally, 
Prathumratana et al. (2008) have also suggested the practice of battery smelting by local populations may 
account for some Pb release at the smaller spatial scale in Mitrovica. 
 
4.7. Pb contribution to scalp hair 
Mixing model results (Table 7) suggest that, based upon 206Pb/207Pb and 208Pb/206Pb ratios, 89-94% of Pb 
found in scalp hair from persons then living in IDP camps is predicted to have been sourced from Gornje 
Polje smelter slag, interpreted as representing historical smelter emissions. Smaller contributions of Pb are 
predicted from petrol combustion (<1-3 %), Gornje Polje flotation waste (<1-2 %) and Zn electrolysis waste 
stored to the SE of the city (6-8 %). There are, however, no statistically significant correlations between the 
concentrations of Pb measured in scalp hair and the modelled percentage contributions from Gornje Pole 
smelter slag (r=0.21), flotation waste (r=0.08), petrol combustion (r=0.29) or Zn electrolysis waste (r=0.08). 
This indicates that Pb source is not an accurate predictor of Pb concentration. Indeed, it is probable that the 
degree of Pb uptake will vary from person to person, influenced by the bioavailability of Pb (Boisa et al., 
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2013; Huang et al., 2014) and the nature of the exposure mechanism and human behaviour (Pirkle et al., 
1998). 
 
Given that the Zveçan smelter closed 10 years prior to sampling, it is unlikely that the Pb in scalp hair will 
reflect exposure via direct inhalation of Pb-bearing smelter emissions. What is more likely is that, given the 
substantial contribution of historical smelter emissions to the Pb load in surface soils and house dust (Table 
6), human Pb exposure has occurred through exposure to contaminated soils and house dust. Exposure can 
occur through dust inhalation (Lau et al., 2014) and deliberate and non-deliberate ingestion of soil and dust 
(Moya et al., 2004). Modelling Pb contribution to scalp hair using IDP camp soils (mean isotope ratios of 
206Pb/207Pb = 1.188 and 208Pb/206Pb = 2.080) as a source instead of the Gornje Polje smelter slag, suggests 
predicted Pb contributions of 68-87 % from these soils. Performing the same analysis using house dust as a 
source (mean isotope ratios of 206Pb/207Pb = 1.189 and 208Pb/206Pb = 2.077), predicts an 86-88 % contribution 
to Pb in scalp hair. These contributions from soils and house dust are generally similar (means of 82 and 87%, 
respectively) and are similar to those predicted for Gornje Polje smelter slag (mean of 91 %). In combination 
with the similar isotopic signatures for these materials, this further suggests that exposure to Pb from the 
Zveçan smelter has been non-direct and through a potential combination of interaction with surface soil and 
house dust. 
 
4.8. Implications for environmental management 
Soils, particularly surface soils, and house dust in Mitrovica are severely contaminated with a range of PHEs, 
notably Pb. Lead isotope analysis has indicated that point sources within the city have contributed varying 
amounts of Pb soils and house dust. Some of these sources, such as deposits of flotation waste at Gornje 
Polje and Zn electrolysis waste, which have contributed up to 28 % and 22 %, respectively to Pb present 
within soils, could be considered to be presently ‘active’ point sources. That is, these are unconsolidated 
deposits, which are susceptible to remobilization of material. However, mixing model data indicate that the 
most significant contributor has been historical emissions from the Zveçan Pb/Zn smelter. This point source 
is no-longer active, but has played the major role in Pb loading to the environment in Mitrovica. 
 
The challenge for environmental management and remediation is that the presence of elevated Pb  
particularly in surface soils, constitutes a potentially spatially extensive diffuse source of Pb both to the 
environment (through physical remobilization, for example via dust generation), and to local populations. 
Whilst not without challenges, point sources such as Gornje Polje can be remediated to reduce the potential 
for Pb (and other PHE) release into the environment, through measures such as capping and revegetation 
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(Tordoff et al., 2000). However, reducing the risk posed by diffuse sources, such as Pb in soils, is much more 
difficult, particularly given the spatially extensive PHE enrichment in Mitrovica and the surrounding region. 
 
5. CONCLUSIONS 
This study has demonstrated the extent and severity of PHE enrichment in surface soils and house dust that 
has occurred within the Mitrovica urban area; a location of intensive former metallurgical activity. 
Furthermore, Pb concentrations in scalp hair collected by this study, and in blood by others, indicate that 
populations within Mitrovica have suffered from Pb uptake to levels rarely reported elsewhere in the 
scientific literature.  Lead isotopes have proven to be a powerful tool for provenancing the source of Pb in 
soils and human scalp hair through the application of a mixing model. Results demonstrate that Pb present 
within surface soils is likely to be dominantly-sourced from the deposition of Pb-bearing aerosols from the 
historical operation of the Zvecan smelter. Deeper soils, which demonstrate lower PHE concentrations in 
general, show greater Pb loading from geogenic inputs compared to surface soils.  With respect to Pb present 
in scalp hair, whilst Pb isotope analysis suggests the original source to be from emissions from the Zvecan 
smelter, it is believed uptake to humans, and subsequent presence in scalp hair, is as a result of ingestion 
and inhalation of Pb-contaminated soils and house dust.  
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Figure Captions 
Figure 1. Mitrovica study area showing the principal contaminant sources and sampling site locations. 
 
Figure 2. Cumulative frequency curve used to determine the background populations for Pb: Curve 1 is the 
frequency plot of log10 Pb values in soils, Curve 2 is the frequency curve for F’ (cf. Davies, 1983) at the 
lower “background‟ threshold, and Curve 3 is the frequency curve for F’ at the upper “severely 
contaminated‟ threshold. 
 
Figure 3. Minimum, mean and maximum PHE concentrations in Mitrovica soils. 
 
Figure 4. Lead concentrations measured in soil profiles at Roma Mahalla (this study) and at two sites to the 
SW of Mitrovica (Riccobono et al., 2004). 
 
Figure 5. Range and mean Pb concentrations in human scalp hair of inhabitants of the IDP camps, Mitrovica 
and data reported in the literature. The horizontal dashed line is the mean value determined by this study. 
Data from: 1this study, 2Runow (2005a), 3 Wang et al. (2009), 4Hornos-Carneiro et al. (2011), 5 Kazi et al. 
(2014),  6Barton et al. (2000), 7Rodrigues et al. (2008), 8Michalak et al. (2014), 9Morton et al. (2002), 
10,12Rodushkin and Axelsson (2000), 11Varrica et al. (2014).  
 
Figure 6. Ratios of 206Pb/207Pb and 208Pb/206Pb determined in metallurgical waste and bedrock from 
Mitrovica and for European tetra-ethyl Pb produced by the Octel Company between 1980 and 1995 (Veron 
et al., 1999) 
 
Figure 7. Ratios of 206Pb/207Pb and 208Pb/206Pb determined in surface soils, house dust and scalp hair in 
Mitrovica.  
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Table 1. Minimum, maximum and mean (in parenthesis) metal concentrations (mg kg-1) in mine, smelter 
and industrial waste in Mitrovica. See Figure 1 for sample site locations. 
 Cd Cu Pb Zn 
Zharkov Potok tailings (n=3) 
1-5 
(3) 
160-550 
(400) 
1270-1570 
(1420) 
230-1400 
(630) 
     
Gorne Polje waste 
(n=5) 
1-4 
(3) 
200-28,000 
(12600) 
3400-50,000 
(23400) 
1700-82,600 
(35500) 
     
Trepca Industrial Complex, Zn 
electrolysis waste (n=3) 
62-1200 
(710) 
2690-7390 
(5640) 
190-33,100 
(13690) 
11,500-135,400 
(112960) 
     
Trepca Industrial Complex, 
battery & chemical factory waste 
(n=1) 
13 400 1600 1700 
 
 
Table 2. Mann-Whitney U test p values for significant difference between PHE concentrations at different 
soil depths.  Italicized values are significant at α = 0.05 and those in bold at α = 0.01. 
 Cd Cu Pb Zn 
0-10 cm and 10-30 cm 0.0980 0.0121 0.4400 0.0144 
0-10 cm and 30-50 cm 0.0000 0.0000 0.0000 0.0000 
10-30 cm and 30-50 cm 0.0001 0.0000 0.0000 0.0000 
 
Table 3. Dutch Soil remediation standards for various metals (concentrations in mg kg-1 dry weight). Data 
from VROM (2000). 
 
 Cd Cu Pb Zn 
Target  0.8 36 85 140 
Intervention  12 190 530 720 
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Table 4. Range and (in parentheses) PHE concentration (mg kg-1) in house dust collected in Roma Mahalla 
and the IDP camps. 
 Cd Cu Pb Zn 
Roma Mahalla 
(n=3) 
1-6 
(4) 
13-60 
(43) 
60-650 
(440) 
60-460 
290) 
IDP camps 
(n=4) 
5-14 
(8) 
220-360 
(293) 
550-5900 
(4537) 
2200-4630 
(3080) 
 
 
Table 5. Cluster analysis output 
 Number of clusters 
Source 6 5 4 3 2 
Zarkov Potok  1 1 1 1 1 
Gornje Polje smelter slag  2 2 2 2 1 
Gornje Polje flotation waste  3 3 3 1 1 
Zn electrolysis waste  4 3 3 1 1 
Battery Factory waste  5 4 1 1 1 
Bedrock  1 1 1 1 1 
Petrol combustion 6 5 4 3 2 
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Table 6. Range and mean (in parentheses) percentage contributions of Pb to soils and house dust from 
potential sources in Mitrovica. 
 Gornje 
Polje 
smelter 
slag 
Gornje 
Polje 
flotation 
waste 
Zarkov 
Potok 
Zn 
electrolysis 
waste 
Petrol 
combustion  
Battery 
Factory 
waste 
Bedrock 
 Surface soils (0-10 cm) 
Bosniak 
Mahalla 
(n=14) 
24-99 
(78) 
<1-28 
(8) 
<1 
 
<1-5 
(<1) 
<1-6 
(2) 
<1-23 
(5) 
<1-29 
(8) 
Roma 
Mahalla 
(n=6) 
52-99 
(84) 
<1-10 
(2.5) 
<1-11 
(2) 
<1-22 
(6) 
<1 
 
<1 <1-14 
(5) 
IDP Camps 
(n=6) 
91-93 
(92) 
<1-2 
(<1) 
<1 6-8 
(7) 
<1-1 
(<1) 
<1 <1 
Mitrovica 
soils 
(n=10) 
67-91 
(78) 
<1-6 
(4) 
<1-2 
(<1) 
6-12 
(10) 
<1-4 
(2) 
<1-11 
(6) 
<1-3 
(<1) 
 Deep sub-surface soils (30-50 cm depth) 
Mitrovica 
soils 
(n=10) 
<1-71 
(52) 
<1-9 
(3) 
<1-16 
(6) 
<1-12 
(8) 
<1-9 
(2.5) 
<1 4-99 
(27) 
 House dust 
Mitrovica 
(n=6) 
78-99 
(87) 
<1-3 
(1) 
<0-2 
(<1) 
<1-16 
(10) 
<1 
 
<1 <1-3 
(1) 
 
 
 
Table 7. Range and mean (in parentheses) percentage contributions of Pb in scalp hair from potential 
sources in Mitrovica. 
 Gornje 
Polje 
smelter slag 
Gornje 
Polje 
flotation 
waste 
Zarkov 
Potok 
Zn 
electrolysis 
waste 
Petrol 
combustion  
Battery 
Factory 
waste 
Bedrock 
Scalp hair 
(n=10) 
89-94 
(92) 
<1-2 
(<1) 
<1 
 
6-8 
(6.5) 
<1-4 
(1) 
<1 <1 
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